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DOI: 10.1039/b924616aMultilayered nanovectors made up from a controlled binary lipid mixture (POPC and DMPS) and
trimethyl chitosan (TMC) have been prepared and characterized by light- and small angle neutron
scattering. The morphology and the multilayer structure of the particle outer shell has been described in
detail. By varying the amount of TMC in the starting solution it is possible to tune the overall surface
particle charge as well as its multilamellarity. In this way the drug loading/release properties of the
particles can be controlled. Therefore the use of controlled POPC/DMPS mixtures can be a valid
alternative to commercial lecithin to obtain nanovectors with specific release properties.1 Introduction
Nowadays nanotechnologies are having an increasing impact in
various fields of medicine, providing significant innovation in
therapy, diagnostics, imaging and drug delivery.1,2 Since the mid
’90s colloidal carriers have been used for the administration of
drugs with biopharmaceutical problems, such as severe side
effects, low stability in biological fluids, specific organ toxicity,
low bioavailability and, above all, poor aqueous solubility.
Encapsulation into nanosized carriers modifies the interaction of
the drug molecules with the biological environment. It is then
possible to protect the drug from chemical and enzymatic
degradation and to tune the kinetics of the release process.
Moreover, localization of the active species in specific cell types
within target organs can be obtained by addition of targeting
ligands to the particle surface.3,4 Nanoparticles suitable as drug
delivery systems can be built up using a variety of materials
including polymers (polymeric nanoparticles, micelles, or den-
drimers),4 lipids (liposomes),5 gels and hydrogels,6 micro-
emulsions7 and viruses (viral nanoparticles).8 Lipid based
nanovectors are self-assembled colloidal particles with an outer
lipid bilayer or multilayer shell, surrounding a central aqueous
core (liposomes). Among these systems, great attention has been
given to particles obtained from ionic lipids with polyelectrolytes
as ‘‘stabilizing’’ agents.9–11 In fact, in pure liposomal systems, the
interaction between the carrier and the surrounding environment
cannot be accurately controlled; as a consequence the release
process cannot be tuned in time and space. To overcome these
limitations, surface modifications have been tested: in particular
lipid-DNA12,13 and lipid-saccharide complexes14–17 have beenaDipartimento di Fisica, Universita degli Studi di Parma, CNISM,
INFM-CNR, Parma, Italy. E-mail: Yuri.Gerelli@fis.unipr.it
bHelmholtz-Zentrum Berlin f€ur Materialien und Energie, Berlin, Germany
cLaboratory for Neutron Scattering, PSI and ETH Z€urich, CH-5232
Villigen, Switzerland
dAdolphe Merkle Institute, University of Fribourg, CH-1700 Fribourg,
Switzerland
† Electronic supplementary information (ESI) available: POPC and
POPC/DMPS liposomes, and form factor for the SANS analysis. See
DOI: 10.1039/b924616a
This journal is ª The Royal Society of Chemistry 2010investigated in detail. The first ones have been developed as an
alternative to viral vehicles for delivering genes into mammalian
cells, while lipid-saccharide complexes are more effective in
improving the solubility of lipophilic drugs and in extending the
life-time of the circulating vector.18,19 In a previous study we
investigated the complexation mechanism between a mixture of
anionic lipids (commercial lecithin: Lipoid S45) and a positively
charged polysaccharide (chitosan) and the effect of the latter on
the structure of the nanoparticles.20 The nanoparticles were
characterized by an aqueous hollow core surrounded by
a multilayer structure made up of lipid bilayers and interlayer
regions containing water and chitosan. The lecithin/chitosan
ratio strongly affected the multilamellarity of the outer shell. The
high number of components (different lipids and fatty acids)
present in commercial lecithin and the polydispersity of the
resulting nanoparticles made it difficult to analyze the internal
features of the lipid multilayers in detail. We have now replaced
commercial lecithin with a well defined binary mixture of highly
purified lipids: 98% 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) and 2% 1,2-dimyristoyl-sn-glycero-3-[phos-
pho-L-serine] (DMPS). We have also replaced the polyion
component with trimethyl chitosan (TMC) whose positive
charge is pH independent.21,22 The structure and morphology of
the obtained nanoparticles have been investigated by dynamic
light scattering (DLS), z-potential measurements and small angle
neutron scattering (SANS).2 Experimental
In order to get detailed structural information on multi-
component nanoparticles commercial lecithin has been replaced
by a controlled binary lipid mixture (98% POPC and 2% DMPS
from Avanti Polar Lipids Inc., Alabama (US)); partially
deuterated POPC (indicated in the following as POPC(d31)) has
also been adopted. Their chemical structures are reported in
Fig. 1. POPC is a common lipid with an unsaturated bond in the
oleic tail; DMPS has a shorter tail with one negative charge in the
headgroup for each molecule. Using 98/2 POPC/DMPS mixture,
we have obtained self-assembled liposomes with surface charge
and size similar to that of lecithin vesicles investigated by us inSoft Matter, 2010, 6, 2533–2538 | 2533
Fig. 1 The chemical structures of partially deuterated POPC, POPC and
DMPS molecules used for the sample preparation.a previous work.20 Chitosan is a polysaccharide obtained from
N-deacetylation of chitin. It is normally insoluble in aqueous
solution above pH 7; nevertheless, in dilute acids, the free amino
groups are protonated and the molecule becomes fully soluble
below pH 5.23 To overcome this pH dependence of the solu-
bility we have used trimethyl chitosan (TMC) (from Medipol SA,
Switzerland) obtained by addition of a methyl group to each
amine side-chain group (see Fig. 2). Its nominal molecular weight
is 105 kDa with a substitution degree of 60%.
POPC/DMPS/TMC nanoparticles (indicated in the following
as NCM) were prepared from different starting solutions:
(i) 200 mg of POPC/DMPS dissolved in 8 ml of ethanol, (ii) three
solutions of TMC in 92 ml of water (D2O, H2O or H2O/D2O)
previously filtered through 200 mm polycarbonate membranes,
and different TMC amounts in order to obtain the following final
TMC/lipids ratios: 1 : 12, 1 : 7, 1 : 4 (w/w). The NCM particles
were obtained by rapid injection (nozzle diameter 0.75 mm,
injection rate 40 ml min1), under mechanical stirring, of the
ethanol solution into the TMC aqueous one. The self-assembling
process gave rise to a colloidal suspension with pH 7 and
nanoparticle concentration c ¼ 0.2% by weight. The particles are
indicated in the following as NCM12, NCM7 and NCM4. The
NCM7 suspension is very close to the isoelectric point of the
solution, the others have a higher TMC content and therefore
bring an overall positive charge. It is worth noticing that theFig. 2 The chemical structure of a trimethyl chitosan monomer.
2534 | Soft Matter, 2010, 6, 2533–2538lipid/saccharide ratios adopted here differ from those previously
used for the preparation of lecithin-based nanoparticles:14,20 this
is due to the different degree of quaternization and molecular
weight of TMC with respect to chitosan. With the adopted
composition, the present NCM particles are equivalent, in terms
of their surface charge and hydrodynamic radius, to the ones
investigated previously. In order to obtain detailed information
on the spatial arrangement of the different components, we have
used, for the SANS measurements, the contrast variation
method. Samples with partially deuterated lipids have been
prepared in a 100% D2O buffer, samples with hydrogenous lipids
have been prepared in both 100% D2O and in a 12/10 D2O/H2O
mixture that has matched the coherent scattering signal arising
from the hydrated lipid headgroups. For comparison purposes
three further samples have been analyzed: pure lecithin vesicles
(Lipoid in the text), pure POPC/DMPS vesicles in absence of
TMC and NCM7 with a concentration c ¼ 1%.2.1 Dynamic laser light scattering
The particle size distribution has been determined (in the range
20–50000 A) by DLS (90plus, Brookhaven Instruments Corpo-
ration, US), using a solid state red laser (l ¼ 658 nm) and
a 2q ¼ 90 scattering geometry. The surface charge of the
nanoparticles has been obtained by z-potential measurements
using a phase analysis light scattering apparatus (ZetaPals,
Brookhaven Instruments Corporation, US).2.2 Small angle neutron scattering
SANS experiments have been performed at the BER-II reactor of
the Helmholtz-Zentrum-Berlin (Germany) and at the Swiss
Spallation Neutron Source (SINQ, Paul Scherrer Institut, CH)
using the V4 and the SANS-II diffractometers respectively.
Using three different instrument configurations (wavelength
l and sample-to-detector distance D) on both diffractometers we
have covered a Q-range of about two decades from 3  103 to
0.4 A1 on V4 and from 5  103 to 0.2 A1 on SANS-II.
The adopted configurations were:
 V4: l¼ 6 A, D¼ 1 m; l¼ 6 A, D¼ 4 m; l¼ 10 A, D¼ 16 m.
 SANS-II: l ¼ 5.31 A, D ¼ 1.5 m; l ¼ 5.31 A, D ¼ 6 m;
l ¼ 10.6 A, D ¼ 6 m.
The sample holders were standard quartz flat cells, 1 mm thick
for samples prepared in H2O/D2O buffers, 2 mm thick for
samples measured in D2O. In this way a similar transmission of
about 80% was obtained for all the samples. Standard correc-
tions, cell subtraction and normalization to absolute scattering
units have been performed using the BerSANS software.243 Data analysis
3.1 DLS
The field correlation function g2(t) has been analyzed in terms of
two stretched exponential decays:
g2(t) ¼ A1e(t/s1)b1+(1  A1)e(t/s2)b2 + bkg (1)
where bkg is a background level; decay times s1, s2 and stretching
parameters b1, b2 are related to single particles (index 1) andThis journal is ª The Royal Society of Chemistry 2010
particle aggregates (index 2) respectively; A1 is the intensity
weighted fraction of isolated particles. The n-th order momentum
of the s distribution is:25
snh i ¼ s
n
b
G

n
b

(2)
The polydispersity index s is defined as the ratio s/hsi between
the standard deviation s and the average value hsi. The average
hydrodynamic particle radius, hRh1i, is then obtained applying
the well known Stokes–Einstein relation:
Rh1h i ¼ kBTQ
2
6ph
s1h i (3)
where kB is the Boltzman’s constant, T is the temperature, h is the
solvent viscosity and Q ¼ 4pn0
l
sinðqÞ is the scattering vector
(in our case Q ¼ 1.8  103A1); n0 is the refractive index of the
sample. The hydrodynamic radius of particle aggregates can be
derived in the same way. Typical fits obtained by eqn (1) are
shown in Fig. 3 for POPC/DMPS liposomes and NCM7 parti-
cles.3.2 SANS
In order to compare the hydrodynamic radii derived from DLS
with the radii of gyration, Rg, the SANS data have been analyzed
in the low-Q region (QmaxRg # 1), using the Guinier approxi-
mation:
IðQÞfexp R
2
gQ
2
3
(4)
On the other hand, to investigate the internal particle struc-
ture, the data have been fitted, in the whole Q-range available,
using an analytical model describing the scattering intensity.
For multi-lamellar vesicles a detailed picture of the lipid
bilayer is provided by the three-strip model.26–28 For polydisperse
particles we have adopted a Schultz distribution D(sR, hR0i) with
average core radius hR0i and polydispersity index sR.29 The
differential scattering cross section becomes then:Fig. 3 Field correlation function obtained by DLS for a typical
suspension of POPC/DMPS particles (B) and of NCM7 ones (,). The
fits according to eqn (1) are shown (—). The change in the shape of
the curves with increasing hydrodynamic radius Rh is highlighted by the
arrow.
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dU
¼ f
ðþN
0
dr DðsR; hR0iÞ FðQ; rÞj j2 (5)
where f is the particle number density. In order to take into
account the presence of particles with different number of layers
in the multi-lamellar structure a further Schultz distribution
D(sN, hNi), with centroid hNi and polydispersity index sN, has
been introduced:
dSðQÞ
dU
¼
ðþN
0
dN DðsN ; hNiÞ
ðþN
0
dr DðsR; hR0iÞ FðQ; r;NÞj j2 (6)
where F(Q, r, N) is the form factor for a particle with N homo-
centric bilayers. It accounts for the spatial arrangement of the
particle components that can be highlighted or hidden upon
isotopic substitution (for a detailed description see the ESI†).
The data have been analyzed in terms of eqn (6) including the
instrumental resolution. The use of a well defined POPC/DMPS
mixture allowed us to reduce the number of free parameters in
eqn (6). They are: sN, hNi, sR, hR0i, those related to the radial
profile of the structure described by the form factor (the polar
head-group thickness th and the number nW of hydration water
molecules per headgroup) and the distance d between two
subsequent bilayers. The variation of the scattering length
density across the bilayer, as well as the thickness of the lipid
tails, tt, and the area per lipid molecule A have been calculated
for each sample composition and kept fixed in the fit procedure.30
Model parameters, constraints and free parameters are listed in
Table 1. The samples have been measured in three different lipid-
solvent configurations (hydrogenous lipids in D2O, partially
deuterated lipids in D2O and hydrogenous lipids in a 12/10 D2O/
H2O buffer), and the structure of the vesicles has been assumed
to be the same for the three solvent compositions. The resulting
datasets have been simultaneously fitted to eqn (6). For each
particular contrast, the fit is more sensitive to a specific part of
the vesicle. Therefore, the simultaneous fit of several datasets
with the same set of structural parameters has improved the
accuracy of the analysis.26,314 Results and discussion
The average size of NCM particles has been determined from
DLS, using eqn (1), and from SANS in the Guinier approxi-
mation (eqn (4)). DLS gives information related to the BrownianTable 1 Number of parameters and constraints in the SANS model
given by eqn (6). P represents the number of parameters used to model the
nanoparticle; in column C the physical constraints are indicated; F¼ P–C
is the number of free parameters in the fit procedure
P C F
Core 2 Rg, s 2
N. of layers 2
Head 3 rh
dry 2
Tails 2 rt,A 0
Interlayer 3 rcw, 2(tt + th) 1
Totals 12 7 5
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Fig. 4 Average hydrodynamic radius hRh1i (bars) and surface charge
(-) for NCM at different TMC contents. The phase separation region in
which aggregation occurs is marked in gray.dynamics of the particles taking into account the existence of
a particle hydration shell. It is known that the hydrodynamic
radius is usually greater than the real one;32 the presence of
a hydrophilic polyelectrolyte, as chitosan, may enhance this
effect. On the other hand, SANS is sensitive to the differences in
scattering length densities between the nanoparticle and the
surrounding medium: therefore solvent molecules bound to
the particle cannot be easily detected by this technique, and the
gyration radius provided by SANS is closer to that of the ‘‘bare’’
particle.
In Table 2 the average hydrodynamic radii hRh1i derived from
DLS and the gyration radii Rg obtained from the SANS data are
compared. They coincide, within the experimental error when no
TMC is present, while they differ by a factor of 2 when TMC is
added to the preparation. This indicates that in the latter case
a thick shell of water molecules closely associated to the particle
surface is present. This is not surprising since the presence of
positively charged chitosan increases the hydrophilic character of
the particle surface. In the case of the NCM12 sample, the low-Q
SANS region and the photon field correlation function (DLS) are
dominated by the signal of large particle-clusters. In fact the
composition of NCM12 particles, in terms of charge balance, is
very close to the isoelectric point of the suspension at which
phase separation and aggregation occur. For this sample the
Guinier analysis of SANS data, and that of DLS data in terms of
g2(t) have not been performed. A further increase of the TMC
content above the isoelectric point enhances the absorption of
the polyelectrolyte and leads to a positive value of the surface
charge as shown in Fig. 4. In going from pure anionic lipids to
NCM12, NCM7 and NCM4 the charge of the system is reverted;
this fact, together with the crossing of the phase separation
region, is indicated as ‘‘reentrant condensation’’ effect.33–37 It is
known that the adsorption of polyelectrolytes on the surface of
oppositely charged particles is not only electrostatically driven
but it occurs in a highly correlated manner. This correlation,
corresponding to a local order of the adsorbed species, results in
a short range attraction which can lead to condensation of the
polyelectrolytes despite the fact that the surface is already
neutralized by the previously adsorbed macroions.
The inner structural features of the NCM particles have been
investigated by SANS. The data have been analyzed in terms of
eqn (6) in the whole Q-range available: typical fits, for pure lipid
samples, are shown in Fig. 5. As expected, pure lipid samples are
composed by uni-lamellar POPC/DMPS vesicles with an overall
polydispersity index, mainly due to the core-radius distribution,
s ¼ 0.3  0.1, in agreement with the value found by DLS
(s ¼ 0.36  0.09). Indeed a preliminary fit with free parameters
gave: hNi ¼ 1.1  0.2 and sN ¼ 0  0.1; in the subsequentTable 2 Hydrodynamic, hRh1i, and gyration, Rg, radii obtained from
DLS and SANS data. The NCM12 sample was excluded from this
analysis due to the presence of large size aggregates
hRh1i/A Rg/A
Lipoid 190  10 210  10
POPC/DMPS 170  10 180  5
NCM7 540  50 260  10
NCM4 490  40 240  9
2536 | Soft Matter, 2010, 6, 2533–2538analysis hNi and sN were then kept fixed to 1 and 0 respectively.
The parameters characterizing the lipid bilayer are then th ¼ 9.2
 0.1 A, tt ¼ 14.9  0.3 A and A ¼ 62  3 A2; the number of
bound water molecules per polar head group is nw¼ 7  1. These
values agree with literature data on pure POPC vesicles.38,39 The
presence of 2% of DMPS does not affect the inner structure of
the POPC bilayers, while it strongly changes the overall vesicle
morphology: in fact a suspension of pure POPC vesicles shows
a high presence of multi-lamellar particles. Addition of a small
amount of anionic lipids, as 2% of DMPS, favors the formation
of uni-lamellar vesicles instead of multi-lamellar ones; this effect
is evident in small angle X-ray scattering data (see Fig. S1 in
the ESI†). Addition of TMC reverts this effect giving rise
to structures similar to those observed in lecithin/chitosan and
lipid/DNA complexes: they are characterized by a multi-lamellar
arrangement with the polyelectrolyte component (TMC in our
case) sandwiched between the lipid bilayers.13,20 The number of
multilayers, hNi strongly depends on the lipid/polyion ratio as
shown in Fig. 6. On the other hand, addition of TMC does not
change appreciably the inner bilayer structure with respect to
that of pure lipid vesicles (see Table 3).
The average nanoparticle radii hRi ¼ hR0i + d hNi are 150 A
for lipid vesicles, 250 A for NCM7 and 260 A for NCM4. TheyFig. 5 Scattering profiles of pure lipid vesicles using three different
contrast configurations. The change in shape and position of the
minimum in the form factor is clearly visible. The intensities have been
rescaled to improve the visibility of the curves.
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Fig. 6 Scattering profiles for nanoparticles in D2O at different chitosan/
lipid ratio: 1 : 4, 1 : 7, 1 : 12 and pure lipid vesicles (top to bottom).
Addition of TMC promotes the formation of an increasing number of
multi-lamellar structures detectable by the growth of the correlation peak
centered at Q  0.1 A1. The intensities have been re-scaled to improve
the visibility of the curves.
Fig. 7 Average number of bilayers as a function of chitosan content in
the starting preparation. The data on NCM7 prepared at higher
concentration (1%) are also shown. The dashed curve is drawn as a guide
to the eyes.
Fig. 8 Scattering profiles for NCM7 in D2O at the two concentrations
investigated: 0.2% (top) and 1% (bottom). The differences in the Q-range
are due to the use of different instruments. The intensities have been re-
scaled to improve the visibility of the curves.agree with the ones obtained from the radii of gyration, Rg,
within the Guinier-approximation
hRi ¼ ﬃﬃﬃﬃﬃﬃﬃ5=3p Rg. As shown
in Fig. 7, in NCM particles a clear correlation exists between the
average number of bilayers,hNi, and the TMC content; such
a behavior has not been observed in lecithin-based nano-
particles.20
As explained previously, the preparation protocol leads to
a suspension with concentration c ¼ 0.2% w/w. In order to
check if the particle structure depends on sample concentration,
starting from the NCM7 composition, we have increased by five
times the amount of both lipids and saccharides obtaining
a suspension with concentration c ¼ 1%. For this sample the
DLS analysis shows an average size about three times larger
than that of NCM7. The SANS data (intensity and width of the
structural peak at Qz 0.12 A1) indicate that this rise is due to
an increase of the average number of bilayers surrounding the
core (see Fig. 7). Indeed the fit to eqn (6) gives hNi ¼ 3.0  0.3
with a polydispersity index sN ¼ 0.4  0.2 (see Fig. 8).
Unfortunately, because of the size of the particles and of the
instrumental configuration adopted, it has not been possible to
observe the Guinier region and to derive the values of hR0i and
sR for this sample. Since the hydrodynamic size of NCM7
(c ¼ 1%) has found to be three times larger than that of the
same particles at a lower concentration, we expect to observeTable 3 Parameters obtained from the fit of the SANS data to eqn (6). In pu
uni-lamellar. For NCM12 the size of the inner core radius cannot be obtained
to large particle aggregates
POPC/DMPS NCM1
th (A) 9.2  0.1 9.1  0
tt (A) 14.9  0.4 14.5 
d (A) — 62  2
nw 7  1 8  1
A (A2) 62  3 63  2
hNi 1 (fixed) 1.1  0
hR0i (A) 100  20 —
sN 0 (fixed) 0.4  0
sR 0.2  0.1 —
This journal is ª The Royal Society of Chemistry 2010the Guinier region (QmaxRg < 1, with Qmax ¼ 2  103A1) in
a Q-range not accessible to the instrument used. Concerning the
particle inner structure, the parameters characterizing the lipid
bilayer are almost unchanged with respect to NCM7 at low
concentration.re lipid vesicles the inter-layer distance, d, does not appear since they are
since the low-Q region of the SANS curves is dominated by the signal due
2 NCM7 NCM4
.3 9.0  0.3 8.8  0.2
0.5 13.9  0.5 14.4  0.3
61  1 62.5  0.5
9  1 8  1
66  2 64  3
.1 1.2  0.2 1.7  0.2
180  20 150  10
.2 0.33  0.01 0.4  0.1
0.25  0.05 0.3  0.2
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5 Conclusions
The combined use of DLS, z-potential measurements and SANS
gives a clear picture of the structure and morphology of the
investigated nanovectors. The presence of TMC does not affect
the local structure of the lipid bilayers. On the other hand it is
possible to tune the surface charge of the particles in a simple way
varying the amount of the charged saccharide component
(TMC); this leads to a reentrant condensation effect when the
isoelectric point of the suspension is crossed. The amount of
TMC, for a given DMPS/POPC ratio in the particles, is a key
factor in determining the multilayer structure; in going from
a purely anionic solution (zero TMC content) to a 1 : 4 TMC/
lipid ratio, the average number hNi of bilayers increases
continuously from 1 to 2. A further way to modulate the
multilamellarity requires changing the bulk/solvent ratio in the
starting solution; this approach has been used for NCM7 parti-
cles. The multilayer structure in turn affects the release kinetics of
the drugs; therefore the use of controlled POPC/DMPS mixtures
can be a valid alternative to commercial lecithin to obtain
nanovectors with specific release properties.
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